In previous studies, we have shown that the temperature dependent vibrational frequency of the CH2 stretch in hydrocarbons in intact pollen grains can be recorded with Fourier transform infrared spectroscopy and used to measure phase transition temperatures (Tm) in these hydrocarbons. Circumstantial evidence was provided that the major contribution to the signal seen in these samples was from membrane phospholipids, and that sucrose in the dry pollen grains reduced Tm of those phospholipids. In the current study, we clarify why a major constituent of the pollen grains, neutral lipids contained in discrete lipid droplets, does not contribute significantly to the signal. Further, we have isolated membranes from the pollen and show that Tm in the isolated membranes rises from -60C in the hydrated membranes to 580C when the membranes are dried without the addition of sucrose. However, when the isolated membranes are dried in the presence of increasing amounts of sucrose, Tm fell steadily, reaching a minimal value of 310C, a figure in good agreement with that seen in the intact pollen grains. The amount of sucrose required to depress Tm maximally in these membranes is also apparently in agreement with that found in the intact pollen, suggesting that sucrose depresses Tm in the pollen.
Certain disaccharides, such as trehalose and sucrose, apparently play a role in the acquisition of desiccation tolerance in living organisms. This suggestion was based on the occurrence of high levels of disaccharides in desiccation-tolerant organisms (1, 8, 24, 25, 28) and on studies in vitro of their protective effect on isolated membranes (7), liposomal membranes (15, 31) , and proteins (4, 5) during drying and rehydration. Trehalose is the predominant disaccharide in organisms such as yeasts, fungi, the desert resurrection plant Selaginella (19) , and microscopic animals (8) , whereas anhydrobiotic organs of higher plants accumulate mainly sucrose (1, 24, 25) or combinations of sucrose, raffinose, and stachyose (1, 28) .
Disaccharides interact directly with the phosphate of the polar head group of the phospholipid molecule (reviewed in ref. 9) . Through this interaction, close approach of head groups due to removal of the tightly bound water molecules ' Supported by grant 88-37264-4068 from the U.S. Department of Agriculture Competitive Research Grants Office. (10) (11) (12) in the case of phosphatidylcholines [6] ) is at least partially prevented, thus retarding or preventing desiccationinduced formation of gel phase phospholipid (9, 10) . In the case ofdipalmitoylphosphatidylcholine vesicles, trehalose was able even to depress the transition temperature in the dried specimen to under that of the hydrated one (16) .
It is not known whether disaccharides depress the transition temperature in cells in the intact organism, because methods to do the required measurements were not available until recently. For the last three years we have been using FTIR2 to measure lipid phase transitions in a wide variety of intact cells (13) and have shown that this method can be applied to study biological functions in those cells (1 1-13) . For instance, using this method we found that the imbibitional damage that accompanies rehydration in dry pollen is due to a gel to liquid crystalline phase transition ( 12) .
In the present report, we extend the previous studies on pollen and show with a greater certainty than was previously possible that the phase transitions assigned to phospholipids (12) are indeed due to that fraction of CH2-containing compounds in pollen. We compared transition temperatures of isolated membranes with those in intact pollen to establish that endogenous sucrose depresses phase transitions in the intact cells. And we report that endogenous sucrose probably depresses the transition temperature by at least 25°C.
MATERIALS AND METHODS

Pollen
Mature male inflorescences of Typha latifolia L. were collected from field populations in The Netherlands and allowed to shed their pollen in the laboratory. Pollen was cleaned by sieving through a fine copper mesh, allowed to dry in dry air until the water content reached 5 to 7% on a fresh weight basis, bottled, and stored at -20°C. Prior to FTIR spectroscopic measurements and lipid extraction, pollen was washed three times in hexane to remove apolar hydrocarbons from the pollen wall, and the adhering hexane was removed by evaporation.
Lipid Extraction and Analysis
Pollen (200-500 mg) was mixed with 40 mL CHCl3:MeOH (3:1, v/v) and passed through a French pressure cell at 20,000 p.s.i., and the degree of cell breakage was checked by microscopy. If required, the procedure was repeated until breakage was complete. The high CHC13 content in the mixture prevents pollen from settling in the French press. The extraction mixture was then adjusted to CHCl3:MeOH (2:1, v/v) by adding 5 mL MeOH, followed by 5 min of mild ultrasonic treatment. After centrifugation, the supernatant was mixed with 11 mL of a 0.9% NaCl solution (20 volume percent). After phase separation, the chloroform layer was collected and dried by passage over a column of anhydrous Na2SO4. The volume was reduced, and the neutral and polar lipids were separated by elution over SEP-PAK silica cartridges, (Waters Associates, cat No. 51900) according to Juaneda and Rocquelin (26) . Extraction of lyophilized membranes was similar to that of pollen, except that extraction was started with the addition of a minute amount of water, followed by the addition of CHCl3:MeOH (2:1, v/v). The mixture was subjected to 5 min of mild ultrasonic treatment. Compositional analyses of phospholipid species was according to Hoekstra and van Roekel (24) .
Microsomal Membrane Isolation
Pollen (3 g ) was rehydrated in humid air for a few h at 20°C prior to short incubation (30 min) in 300 mL germination medium containing 0.2 M mannitol. These procedures were carried out to prevent imbibitional damage (21) and to increase the yield of membranes (22) , respectively. After sieving, pollen was mixed with 40 mL of a 10 mm ice cold Tes buffer, pH 7.0, containing 5 mM Na-EDTA, and the suspension was passed through a precooled French pressure cell at 15,000 p.s.i. After low speed centrifugation (1000 g) for 10 min, the supernatant was centrifuged at 10,000 g for 10 min to remove organelles. The supernatant was then subjected to high speed centrifugation (45 min, 100,000 g), and, after washing the pellet in the Tes buffer, the high speed centrifugation was repeated. The pellet was mixed with 2 mL Tes buffer and, after vortexing, subjected to two short bursts of ultrasonic energy (Lab Supplies Co, Inc., Hicksville, NY). The suspension was then layered onto a Sephadex G50 column (50-80 mesh). Elution was done with the Tes buffer to separate the vesicles from traces of carbohydrates, after which they were frozen in liquid N2 and lyophilized.
Establishment of Different Water Contents in Pollen
Desired water contents were produced by exposure of the pollen for 24 to 36 h at 21C to vapor produced by saturated salt solutions, or to air that was previously saturated with water vapor and then led through a cooling tower to remove a fraction of the water vapor. (13) . Pollen, lipids, or membranes were sandwiched between the BaF2 windows, preferably under the same conditions of RH as their pretreatment. In the case of the very dry specimen, samples were preloaded between the windows and subsequently exposed to the vacuum treatment in the lyophilizer. The system was then transferred under vacuum to a glove box flushed with dry nitrogen before releasing the vacuum and mounting the windows in the holder. From results of repeated scans, there was no indication that the minute amount ofpollen fixed between the windows could take up appreciable amounts of water vapor from, or lose water to, the environment during recording of the spectra, which might change the endogenous moisture content.
The sample was rapidly cooled until the typical spectral characteristics of gel phase phospholipid appeared on the screen. Subsequently, the sample was heated up and spectra were recorded every 2 to 3°C increase in temperature. The recording of spectra over the entire temperature range usually did not take longer than 1.5 h.
Differential Scanning Calorimetry
Measurements (15-25 mg lipid) were carried out using a Hart Series 7707 high sensitivity differential scanning calorimeter (Hart Scientific, Provo, Utah). Scans were run from -30 to 65°C at a rate of 20°C/h with data points taken every 20 s. Data analysis was performed on an IBM-PC XT using Hart Scientific software.
Electron Microscopy
Pollen was kept in humid air for 2 h prior to incubation for 20 min in germination medium at 22°C. The short incubation in germination medium was carried out to improve visualization of the different organelles on electron micrographs. After filtration, pollen was fixed in 3% glutaraldehyde (v/v) and 0.1 M sucrose in 50 mM sodium cacodylate buffer, pH 6 .0, for 4 h at room temperature. After washing with the cacodylate buffer, pollen was postfixed in 2% OS04 for 3 h at OC, dehydrated in an ethanol/propylene oxide series, and embedded in EPON 812. Sections were stained in lead citrate and uranyl acetate, and inspected with a Jeol model JEM-1200 EX II transmission electron microscope.
RESULTS AND DISCUSSION Infrared Absorption Spectra of Pure Phospholipids and Intact Pollen
We have described in detail elsewhere the procedures used to measure lipid phase transitions with FTIR in intact cells ( 13) , but wish to reiterate them briefly here for the benefit of the reader who may not be familiar with this method. Partic-ularly suitable for detection of lipid phase transitions are the symmetric and asymmetric stretch vibration bands of CH2-groups at a frequency around 2850 and 2920 cm-', respectively (Fig. 1) . Briefly, when pure phospholipid in gel phase is slowly heated, both absorptions shift 2 to 4 wavenumbers to a higher frequency and broaden, as the CH2 chains undergo melting from gel to liquid crystalline phase (3). We selected the position of the symmetric CH2-stretch vibration band at a frequency of 2850 cm-' to follow phase changes. In the case of DMPC in Fig. 1A , such phase change occurs over a temperature range from roughly 18 to 30°C, starting at a frequency of 2849.5 cm-' and ending around 2853 cm-' when it is entirely liquid crystalline. The Tm of DMPC is at 23.5°C (14) .
Absorption spectra made of monolayers of intact dry pollen were of similar shape as those of the phospholipid, having absorption bands in the same frequency range (Fig. 1B) , thus demonstrating that pollen grains contain hydrocarbon chains that can be seen by IR spectroscopy. Slowly heating the pollen from a precooled condition and recording spectra at every 2 to 30C increase in temperature revealed a similar increase in the frequency of the CH2 symmetric stretch to that seen with pure phospholipids, which is interpreted to mean that, in intact pollen, phase changes can be detected with this method. Although the changes in frequency seem small, the equipment is able to detect accurately frequency differences of 0.1 to 0.2 wavenumbers. By plotting the frequency of the absorption peaks versus the temperature at which spectra were recorded, an estimation can be made, by probit analysis (18), of the temperature at which half of the hydrocarbon containing compounds have melted (Tm in Fig. 2 ). The melting range in pollen is much broader than the 12C that is required for completion ofthe phase change of DMPC. This is most likely due to the compositional variation of the acyl chain containing domains in the pollen, having different Tm values. Wavenumber (cm1) Figure 1 . IR spectra of hydrated DMPC (A) and a monolayer of dry pollen (B), water content 0.06 g H20/g dry matter. In the two pairs of spectra shown, the one at the right was recorded prior to the heating of the sample, and the one at the left after the phase change was completed, which was at a temperature of 18 and 300C, respectively, for DMPC (A), and at 10 and 300C, for the pollen (B).
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Assignment of the Absorption Bands in Pollen to
Phospholipids Hydrocarbon chains in cells may belong to several major classes of compounds, such as the phospholipids in the membranes, di-and triglycerides as storage fats, waxes, and minute amounts of sterol esters, lysophospholipids, and free fatty acids. In this section, we establish that a portion of the temperature-dependent frequency changes seen in intact pollen can be assigned to phospholipids by systematic elimination ofthe contributions ofthe other CH2-containing constituents.
By washing the pollen with an apolar solvent such as hexane or diethylether, hydrocarbons having a Tm between 50 and 60°C are removed from the outside of the grains (2) . As this treatment does not impair viability (20) , we routinely prewashed the pollen with hexane to avoid further interference of this hydrocarbon with the IR spectra. In viable, nonaged Typha pollen, lysolipids occur below the limit of detection, and free fatty acids comprise less than 0. 1% of the dry weight (23) . The remaining major CH2-sources are the phospholipids and storage fats, of which we determined the contents to amount to 5.3 and 8.0% of the dry weight, respectively (cJf 2). As will be seen in the following section, the discussion of whether either the polar lipids or the neutral lipids in intact pollen contribute to the IR absorption, or whether they do so in concert, is mainly based on the ability of the polar head groups of phospholipids to interact with water.
Differential scanning calorimetric studies in the mid-1960s (6) on pure, mainly saturated, phosphatidylcholines have shown that removal of the last 10 to 12 water molecules from the head group region leads to an increase in the gel to liquid crystalline transition temperature of about 70°C. The same behavior has more recently been confirmed for the polyunsaturated phosphatidylcholines (29) . The current view is that this effect is the result of increased opportunities for van der Waals' interactions between acyl chains when dehydration forces the polar head groups more closely together (17) . By contrast with phospholipids, phase behavior in most triglycerides of biological interest is relatively insensitive to hydration state (reviewed in ref. 30 ). The only likely exceptions to this generalization are found among very short chain triglycerides, which show limited solubility in water (30) . In our hands, the phase behavior oftriglycerides purified from Typha is insensitive to the presence of water, as described below. The two frequency versus temperature plots in Figure 2 and also curves for pollen having intermediate water contents (not shown) indicate that dehydration of intact grains causes an increase in the average transition temperature, similar to that described earlier for pure phospholipids (6, 29) . This means that at least a considerable part ofthe lipid compounds observed by IR spectroscopy in intact grains is able to interact with water.
Analyses of the phospholipids and neutral lipids isolated from the pollen are also consistent with the suggestion that the IR spectra in intact pollen are derived mainly from phospholipids. Water determines Tm in the isolated phospholipids (Table I) , but it does not seem to change significantly Tm in the isolated neutral lipid (Table I, Fig. 3 ). To verify that the frequency shifts of the neutral lipids in Figure 3 are associated with phase transitions, calorimetric scans were also carried out on this fraction. The results clearly show lipid melting endotherms during heating that closely correspond with the melting curves seen with FTIR for this fraction (Fig.  3) . The intermediate peak of the hydrated sample is due to the presence of free water. Ifinfrared absorption ofthe neutral lipid contributed to a large extent to the spectra obtained with intact pollen, the frequency versus temperature plot ofthe dry pollen (0.06 g H20/g dry weight) would have been expected to be biphasic or even triphasic, with a first upward shift in frequency starting at 2850 cm-' around -12°C, followed by a minor shift at 11°C, and a second major shift due to the phospholipids around 23°C. As the frequency plot of the pollen starts to rise at 10°C, at a frequency of 2850 cm-', neutral lipids apparently do not contribute much to the signal. Values were calculated by probit analysis from frequency versus temperature plots (see Fig. 2 ). Extracted neutral lipids have two major transitions (see Fig. 3 In some preparations, such biphasic curves were occasionally observed, but only with pollen grains that had been ruptured, resulting in release of some neutral lipid from the cells.
Why is the Absorption from Neutral Lipid so Weak?
It is puzzling that the relatively large amount of neutral lipid in intact pollen does not contribute significantly to the CH2 absorbance in intact pollen, so we have investigated this phenomenon further in the following series of studies.
Michael J. Burke of Oregon State University made the interesting suggestion at the Gordon Conference on Temperature Stress in Plants (Oxnard, CA, January 1989) that the neutral lipid, which occurs in lipid droplets, might completely absorb the IR light, thus eliminating the possibility of detecting it. We tested this suggestion in the following way. From a known volume and amount of purified neutral lipid, a solution was made in chloroform, from which drops (5 ,uL) were spotted on the BaF2 window in increments. Each Film Thickness (micrometer) diameter ofthe sample on the window (which formed a circle)
was measured with an ocular micrometer on a microscope stage after addition of each increment, and the area was thus determined. The density of the neutral lipid was determined separately to be 0.9 g/cm3 by weighing known volumes. Because the weight of lipid on the window was known, its volume could be calculated (from the density), and by dividing by the area, the film thickness was obtained. The results (Fig. 4) (27) . This is in contrast to what occurs at the thin phospholipid bilayers, from which the spectra of intact pollen are apparently derived.
FTIR Studies on Isolated Membranes
The best evidence that IR absorption spectra ofintact pollen are derived from the membrane phospholipids would be when spectra ofisolated membranes resemble those ofintact pollen. Figure 6 shows that, upon warming, microsomal membranes Temperature (0C) Figure 6 . Frequency versus temperature plots of isolated microsomal membranes that have been passed over a Sephadex G50 column prior to lyophilization (representative plots). One sample was analyzed when dry, the other was rehydrated with a small amount of water.
undergo very clear transitions, the dry specimen having a Tm ofclose to 60'C and the hydrated specimen of -60C. Although it is demonstrated here that low water content drives up the transition temperature similarly as in intact pollen, the extent to which this occurs is about 30'C higher in the isolated membranes than in intact pollen. As compared with direct extraction from the grains, the phospholipids extracted from the membranes had very similar compositions, both in phospholipid species and degree of fatty acid unsaturation (Table  II) , except that the level of phosphatidic acid was a few percentage points higher in the membrane extract and the phosphatidylcholine content a few percentage points lower. It is possible that other degradative changes in membrane composition may occur during the isolation and drying that could be responsible for the increase in Tm. However, in view of the longstanding evidence that desiccation increases Tm in isolated phospholipids, we suggest that it is dehydration of the 
Effect of Sucrose on Dry Membranes
The major (97% of the total) soluble sugar in Typha pollen is sucrose, which also accounts for 25% of the dry weight (1 1). In previous studies, we showed that the presence of this sugar is correlated with survival from drying by pollen (24, 25) and that sucrose strongly inhibits fusion and leakage in liposomes made from synthetic phospholipids or from natural phospholipids isolated from pollen membranes (15, 24, 25) .
Microsomal membranes from Typha pollen, essentially free of endogenous sucrose, were mixed with a series of sucrose concentrations in water and exposed to a short burst of ultrasonic energy, to allow for penetration. After freeze drying, the fractions were analyzed by FTIR for their Tm (Fig. 7) . Sucrose was able to depress the Tm from a value of 58C in the control to 3 1C, a value strikingly similar to that seen in the intact pollen (Table I ). The shape of the curve (Fig. 7) suggests that there will be no further decrease of Tm as sucrose contents are increased further. After polynomial curve fitting, it was possible to extract the sucrose content at which minimal Tm is achieved, which is from approximately 3 g sucrose/g membranes upwards. As these membranes are composed of at least 50% phospholipids, the mass ratio of sucrose to phospholipid at maximal reduction of Tm is 6 or less. This figure, like the data for Tm in the intact dry pollen and isolated membranes, is in excellent agreement with the ratio of 4.7 g sucrose/g phospholipids found in the intact pollen grains.
CONCLUSIONS
We conclude that FTIR of intact cells is an excellent method to reveal phase changes in lipids. We have shown that, in pollen, the absorption is exclusively caused by membrane phospholipids. From the comparison of transition temperatures between dry intact pollen and dry isolated microsomal membranes, we infer that Tm in the former is actively depressed. On account of the high endogenous sucrose level and the reduction by sucrose ofthe dry transition temperature of isolated microsomal membranes, we believe to have provided evidence that sucrose has similar capability in vivo.
